Abstract. IQ motif containing guanosine triphosphatase activating protein 1 (IQGAP1) is associated with idiopathic pulmonary fibrogenesis (IPF); however, characterization of the expression of IQGAP1 in lung fibroblasts has remained elusive. The present study therefore evaluated IQGAP1 expression in mouse and human lung fibroblasts under fibrotic conditions via western blot analysis. It was revealed that IQGAP1 expression levels were significantly decreased in lung fibroblasts isolated from bleomycin-challenged mice than in those of control mice. Transforming growth factor-β (TGF-β) induced differentiation, as well as decreased expression of IQGAP1 in WI-38 cells human lung fibroblasts. Furthermore, inhibition of nuclear factor (NF)-κB activation restored the TGF-β-induced inhibition of IQGAP1 expression in WI-38 cells. In lysophosphatidic acid (LPA)-challenged WI-38 cells, the expression of IQGAP1 was also decreased, while neutralized anti-TGF-β antibody treatment restored the LPA-induced inhibition of IQGAP1 expression. These data indicated that TGF-β inhibited IQGAP1 expression in lung fibroblasts via the NF-κB signaling pathway, presenting a potential novel therapeutic target for the treatment of IPF.
Introduction
Idiopathic pulmonary fibrosis (IPF) is a fatal and highly destructive chronic interstitial lung disease, and the survival time following initial diagnosis is just 2-5 years (1). To date, no effective therapeutic strategy for IPF, except lung transplantation, has been developed (2) . Therefore, investigation into the pathological mechanisms underlying IPF is urgently required.
Amongst the factors associated with IPF, fibroblasts have been demonstrated to have a critical role (3) . In IPF, fibroblast accumulation results in the irreversible destruction of lung architecture, and the differentiation of fibroblasts induces deposition of extracellular matrix (ECM) proteins, as well as α-smooth muscle actin (α-SMA), under fibrotic conditions (3) . The elucidation of fibroblast function is therefore critical for understanding the molecular mechanisms underlying IPF. Accumulating evidence has demonstrated that transforming growth factor-β (TGF-β), sphingosine-1-phosphate (S1P) and lysophosphatidic acid (LPA) are involved in IPF (3) (4) (5) (6) (7) (8) . Recent studies indicated that TGF-β, LPA and S1P induced differentiation of lung fibroblasts, which was followed by increased expression of ECM proteins, such as fibronectin (FN) (4) (5) (6) 9) . Notably, during LPA stimulation of lung fibroblasts, TGF-β expression increased via LPA receptor type 2-dependent pathways (5) . However, the crosstalk between the LPA and TGF-β signaling pathways in lung fibroblast differentiation has remained elusive.
IQ motif containing guanosine triphosphatase activating protein 1 (IQGAP1), an effector of CDC42, is a multidomain molecule implicated in the modulation of cell architecture and the regulation of exocytosis in multiple types of human cancer (10) . In particular, IQGAP1 has been demonstrated to be expressed and localized in human cancer tissues (11) (12) (13) (14) . Recently, IQGAP1 was found to suppress TGF-β/TGF-β receptor 2 (RII)-dependent myofibroblastic differentiation in the tumor microenvironment (15) . An in vitro study also indicated that IQGAP1 knockdown increased TβRII stability, and TGF-β1 induced the transdifferentiation of pericytes to myofibroblasts (15) . Amongst patients with interstitial lung disease (ILD), the expression of IQGAP1 is increased in the lung fibroblasts of scleroderma patients with ILD, and IQGAP1 has crucial functions in the regulation of endothelial and epithelial cell migration (16) . However, identification of IQGAP1 expression in pulmonary fibroblasts during fibrogenesis has remained elusive.
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The present study therefore examined the expression of IQGAP1 in mouse and human fibroblasts, in order to characterize its expression under fibrotic conditions. Mouse model of IPF. The experimental model of pulmonary fibrosis was designed as described previously (5, 6) . C57/BL6 mice (50 male mice, 8 weeks-old, weighing ~25 g) purchased from Jackson Laboratory (Bar Harbor, ME, USA) underwent bleomycin-induced fibrosis. The mice were housed under a controlled 12:12 h light:dark cycle. The air temperature was maintained at 22˚C and the mice were given ad libitum access to food and water. The mice were anesthetized with a 3 ml/kg mixture of 25 mg/kg of ketamine in 2.5 ml of xylazine (NCE Biomedical Co. Ltd. Wuhan, Hubei, China), followed by treatment with saline or bleomycin sulfate (1.5 U/kg of body weight, ~0.03 U/animal) in saline by intratracheal injection in a total volume of 50 µl. A total of 21 days after bleomycin administration 34 mice were sacrificed using CO 2 euthanasia, and the lungs were harvested for isolation of lung fibroblasts. All animal protocols conformed to the standards of Xuzhou Medical College (Huaian, China) and were in accordance with Chinese animal operation regulations. The present study was approved by the Ethics Committee of Xuzhou Medical College.
Materials and methods

Reagents
Isolation of mouse primary fibroblasts and lung fibroblast culture. Mouse lung fibroblasts were isolated as described previously (5, 6) . The WI-38 human lung fibroblast cell line was purchased from the American Type Culture Collection (Manassas, VA, USA). Mouse primary lung fibroblasts and WI-38 cells were cultured in six-well dishes using Dulbecco's modified Eagle's medium (Life Technologies, Carlsbad, CA, USA), supplemented with 10% fetal bovine serum (Life Technologies).
Neutralizing antibodies or NF-κB inhibitor treatment.
WI-38 cells (~90% confluence) were serum-starved for 24 h, and subsequently treated with neutralized control IgG or anti-TGF-β antibody (5 µg/ml) for 1 h. The starved WI-38 cells were then incubated with 10 µM NF-κB inhibitor (Bay 11-7082) for 1 h. Subsequently, the fibroblasts were treated with TGF-β (5 ng/ml) or LPA (10 µM) for 48 h. Finally, the cells were lysed with cell lysis buffer (cat. no. 9803S; Cell Signaling Technology Inc.) and western blot analysis was used to evaluate protein expression.
Western blot analysis. Western blot analysis was used to evaluate protein expression and was performed as described previously (5) . Cell lysates (20-30 µg protein, 1.5 mg/ml) were cleared by centrifugation at 10,000 x g for 10 min and boiled with Laemmli sample buffer (Sigma-Aldrich) for 5 min. The protein was assayed using the Pierce™ Bicinchoninic Acid Protein Assay kit (Thermo Fisher Scientific, Inc., Rockford, IL, USA). The cell lysates were separated by 10% or 4-20% SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes (Bio-Rad Laboratories, Inc.). The membranes were then blocked with tris-buffered saline-Tween (TBST) containing 5% bovine serum albumin (Bio-Rad Laboratories, Inc.), prior to incubation with the primary antibodies (1:2,000 dilutions) overnight at 4˚C. Subsequently, the PVDF membranes were washed with TBST buffer and incubated with secondary antibodies for 2 h at room temperature (1:2,000 dilutions). All primary and secondary antibodies used were described in the reagents and kits section. The blots were visualized using an enhanced chemiluminescence kit (cat. no. ab65623; Abcam, Cambridge, MA, USA). The integrated density of pixels on each membrane was quantified and normalized to actin using Image Quant software version 5.2 (Molecular Dynamics, Sunnyvale, CA, USA).
Immunofluorescence microscopy. Immunofluorescence microscopy was used to examine protein expression as described previously (5) . Briefly, mouse lung fibroblasts were incubated with the primary antibodies at a 1:200 dilution in blocking buffer (Bio-Rad Laboratories, Inc.) for 1 h at room temperature. Subsequently, the cells were incubated with the secondary antibodies with Alexa Fluor (Life Technologies) at a 1:200 dilutions in blocking buffer for 1 h at room temperature. Slides were examined under a Nikon Eclipse TE 2000-S fluorescence microscope (Nikon Corp., Tokyo, Japan) and recorded with a 60X oil immersion objective lens.
Statistical analysis. The data from at least three independent sets of experiments are displayed as the mean ± standard error of the mean. For data analysis, one-way analysis of variance or a two-tailed Student's t-test in SPSS version 22.0 (IBM, Armonk, NY, USA) was used. P<0.05 was considered to indicate a statistically significant difference between values (17, 18) . Fig. 1A -C, the expression of α-SMA and FN was markedly higher in lung fibroblasts isolated from BLM-challenged mice than that in the fibroblasts of mice without BLM-challenge. However, the IQGAP1 expression levels were significantly lower in lung fibroblasts from BLM-challenged mice than in those from control mice (Fig. 1A and D) . Immunofluorescent staining also indicated that the expression levels of IQGAP1 were lower in lung fibroblasts from BLM-challenged mice, than in those of the control mice (Fig. 1E) .
Results
IQGAP1 expression is decreased in the lung fibroblasts of BLM-treated mice. As shown in
TGF-β downregulates the expression of IQGAP1 in WI-38
human lung fibroblast cells. In order to determine whether the expression of IQGAP1 was associated with lung fibroblast activation and differentiation, TGF-β-induced IQGAP1 expression was examined in WI-38 cells. TGF-β treatment (5 ng/ml, 48 h) induced fibroblast differentiation, characterized by the enhanced expression of α-SMA and FN ( Fig. 2A-C) , as well as significantly inhibiting the expression of IQGAP1 in WI-38 cells ( Fig. 2A and D) .
TGF-β inhibits IQGAP1 expression via the NF-κB pathway.
To further examine the potential mechanisms underlying the TGF-β-induced inhibition of IQGAP1 expression in lung fibroblasts, WI-38 cells were treated with NF-κB inhibitor (Bay 11-7082; 10 µM) for 1 h prior to TGF-β-challenge. As indicated in Fig. 3 , TGF-β challenge induced upregulation of the expression of α-SMA and FN, and NF-κB inhibitor treatment markedly attenuated the effects of TGF-β. Notably, the inhibitory role of TGF-β in IQGAP1 expression in WI-38 cells was also significantly restored following the inhibition of NF-κB pathways (Fig. 3A and D) . Therefore, these results indicated that TGF-β inhibited IQGAP1 expression via the NF-κB signaling pathways.
LPA downregulates the expression of IQGAP in WI38 cells via TGF-β-dependent pathways.
LPA has been demonstrated to be involved in lung fibrogenesis, particularly by inducing the activation and recruitment of fibroblasts (4, 5) . Recently, LPA was revealed to enhance TGF-β expression levels in human lung fibroblasts, potentially via LPA receptor type 2-associated pathways (5) . The present study therefore evaluated the effects of LPA on IQGAP1 expression in WI-38 cells. LPA treatment was demonstrated to induce an increase (Fig. 4) . In order to determine whether LPA-induced TGF-β secretion was associated with the effects of LPA on IQGAP1 expression in WI-38 cells, cells were pre-incubated with chicken anti-TGF-β antibody (5 ng/ml) for 1 h. As shown in Fig. 5 , anti-TGF-β1 antibody markedly inhibited LPA-induced fibroblast differentiation, and significantly increased IQGAP1 expression under LPA treatment (Fig. 5) .
Discussion
IPF is a chronic lung disease, for which there is currently a lack of effective treatment. Lung transplantation is the only effective clinical therapeutic approach for IPF (1, 2, 19) . Inflammatory cells, epithelial cells and fibroblasts are involved in pulmonary fibrogenesis, and the expression of various bioactive ligands are altered during the fibrogenesis (3,20) . TGF-β and LPA have been demonstrated to be the key factors underlying fibrogenesis, and to regulate the activation and differentiation of fibroblasts (4, 5, 6) . Therefore, investigation into the effects of TGF-β and LPA on fibrogenesis are essential for the elucidation of the pathological mechanisms underlying IPF. IQGAP1, which is one of three IQGAP homologs, is expressed in all human organs (21, 22) . Increasing evidence has indicated that IQGAP1 regulates cell migration and adhesion, extracellular signals and cytokinesis in multiple types of cell (23, 24) . An oncological study revealed that IQGAP1 expression and localization are frequently altered in tumor tissues, and its expression is correlated with cancer progression (10) . According to western blot and quantitative polymerase chain reaction analyses, the expression of IQGAP1 is also increased in various types of cancer cell (23, 24) . Detailed analysis of this effect indicated that IQGAP1 was associated with the β-catenin and extracellular signal-regulated kinase (ERK) signaling pathways. It also demonstrated that IQGAP1 also binds with mitogen-activated protein kinase kinase, B-Raf and ERK to regulate their sequential signaling cascades, resulting in tumorigenesis in humans and experimental animals (25, 26) . Investigation in liver cancer indicated that IQGAP1 inhibited the TGF-β/TβRII/ myofibroblast differentiation signaling pathway and blocked tumor growth in the tumor tissues. These effects are associated with the binding of IQGAP1 to TβRII, inducing the ubiquitination and degradation of hepatic stellate cells (15) . A recent study indicated that PDGF stimulation rapidly promotes the association of IQGAP1 with PDGF receptor-β (PDGFR), and overexpression of IQGAP1 enhances PDGFR autophosphorylation (27) . Thus suggesting that through interaction with PDGFR and focal adhesions signaling proteins, IQGAP1 promotes activation of PDGFR in focal adhesions, and contributes to vascular smooth muscle cell migration and neointimal formation after injury (27) . In addition, IQGAP1 increases bronchial epithelial cell proliferation and wound closure via the phosphorylation of IQGAP1 (28) . However, to the best of our knowledge, the expression of IQGAP1 during pulmonary fibrosis has not previously been investigated, and the potential roles of IQGAP1 in fibroblasts have remained elusive. In the present study, the expression of IQGAP1 was evaluated in human and mouse lung fibroblasts during pulmonary fibrosis. The results suggested that the expression of IQGAP1 was markedly decreased in pulmonary fibroblasts under fibrotic conditions. These studies therefore suggested that IQGAP1 expression was correlated with the differentiation of lung fibroblasts and lung fibrosis. Various bioactive lipid compounds have been implicated in inflammation and pulmonary fibrosis (5, 6, 17, 18, (29) (30) (31) (32) (33) . In particular, S1P and LPA induce fibroblast recruitment and differentiation during pulmonary fibrogenesis (4) (5) (6) . LPA also induces the expression of TGF-β in fibroblasts from human lung tissue in a dose-dependent manner, through activation of LPA receptor type 2 (5). The present study indicated that LPA also inhibited IQGAP1 expression via TGF-β secretion, which suggested that there was crosstalk between the LPA and TGF-β signaling pathways in the regulation of IQGAP1 expression in lung fibroblasts during IPF.
In conclusion, the results of the present study revealed that TGF-β inhibited the expression of IQGAP1 via activation of the NF-κB signaling pathway, and suggested that targeting IQGAP1 to inhibit pulmonary fibrosis may present potential novel therapeutic strategies for the treatment of IPF.
